, A note on gravity wave-driven volume emission rate weighted temperature perturbations inferred from O2 atmospheric and O I 5577 airglow observations, J. Geophys. km the amplitude of the altitude-integrated volme emission rate weighted temperature perturbation differs by at least about 30% from the altitude-integrated mean volme emission rate weighted temperature perturbation, demonstrating that the nonthermal fluctuation contribution to the former (involving volme emission rate perturbations) needs to be included in such modeling. We conjecture that the observed brightness perturbation is a simpler and better quantity to simulate using detailed modeling than the observed airglow temperature perturbation for the determination of wave amplitude in cases where nonthermal effects or cancellation effects (for short vertical wavelengths) are strong.
Introduction
Airglow observations can provide useful information about gravity waves in the mesopause region. Airglow emissions such as the OH Meinel and the O2 atmospheric can provide a measure of temperature in addition to airglow brightness, and numerous studies based on both observation and theory have related the measured airglow brightness fluctuations to the measured fluctuations in the derived temperature [see Hickey et al., , 1997 , and references therein]. Additionally, one study has related long period brightness fluctuations to temperature fluctuations using the O I 5577 emission (G. Schubert et al., Theory and observations of gravity wave induced fluctuations in the O I (557.7 nm) airglow, submitted to Journal of Geophysical Research, 1998, hereinafter referred to as submitted manuscript, 1998). One significant drawback of the airglow measurements is that usually wave amplitude cannot be directly inferred from such measurements, although a combination of modeling and Copyright 1999 by the American Geophysical Union.
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0148-0227/99/1998JA900164509.00 measurement of the airglow brightness fluctuations can provide some constraint on wave amplitude, as discussed by Hickey et al. [ 1997, 1998 ] and Swenson and Gardner [ 1998] .
In some studies it has been assumed that the measured airglow temperature fluctuations can provide a reasonable estimate of either the gravity wave temperature fluctuation amplitude in the vicinity of the peak of the airglow volume emission rate or the mean temperature perturbation averaged over the vertical extent of the emission layer [e.g., Hecht and Walterscheid, 1991] . However, neither of these assumptions have been validated. In this paper these assumptions are investigated using a dynamical full-wave model coupled with chemistry models describing the effects of gravity waves on airglow emissions. Specifically, we model the volume emission rate weighted temperature fluctuation (T[} [e.g., Schubert and Walterscheid, 1988; Swenson and Gardner, 1998 ] and compare it directly to both the gravity wave temperature fluctuation at the emission peak, T•'t_peak, and the gravity wave temperature fluctuation averaged over the vertical extent of the emission layer, Tjvg (for the latter this vertical extent is defined by the altitudes where the mean, undisturbed volume emission rate has fallen to one-tenth of its peak value, which corresponds to approximately 15 km). Our primary objective is to determine the value of phase speed and nonthermal fluctuation contribution (involving volume emission rate fluctuations, I') is required to determine the true gravity wave amplitude.
We also distinguish between two different interference effects in these quantities. The first is associated with the fmite thickness of the emission layer and occurs in the limit of short vertical wavelength (Xz) where cancellation along the line of sight becomes severe. The second is associated with waves of large Xz (including evanescent waves) for which inhomogeneities in the mean temperature profile lead to wave reflection. In extreme cases wave reflection leads to ducting.
The airglow response to ducted waves has been studied by Hines to gravity wave forcing. This requires that we employ a fullwave model to defme the waves in a nonisothermal atmosphere. We compare (T]) to each of (T•), r•t_peak , and T•vg for each emission and for a wide range of wave parameters (horizontal phase speed and horizontal wavelength).
The layout of this paper is as follows. In section 2 we discuss the theory of volume emission rate weighted temperature fluctuations in the nightglow, while in section 3 we discuss the model used to simulate these fluctuations in the 02 atmospheric and O I 5577 nightglows. The results are presented in section 4, and a discussion of these results is given in section 5. Finally, our conclusions are presented in section 6.
Theory
The volume emission rate weighted temperature perturbation ((T•}) derived from airglow observations has been discussed by Schubert and Walterscheid [1988] and is 
Equation (2) shows that for an isothermal atmosphere the two nonthermal terms cancel and (T]) is exactly equal to (T/-').
Thus volume emission rate fluctuations (I') do not explicitly contribute to (T/) in an isothermal atmosphere. For a nonisothermal atmosphere, (2) shows that volume emission rate fluctuations explicitly contribute to (T?') meaning that there can be apparent fluctuations in the volume emission rate weighted temperature even when T' is zero. In both (2) and (3) the integrals of terms involving fluctuations can be very small for waves with vertical wavelengths less than the emission layer thickness due to the effects of destructive interference. Additionally, the relative contribution of individual fluctuations to the altitude integrals in (2) and (3) will also depend on the altitude variation of wave amplitude, and so we expect that the integrals may also depend on the effects of dissipation.
Model
The full-wave model used in these computations has been described by Hickey et al. [ 1997 Hickey et al. [ , 1998 what phase speeds (,and vertical wavelengths) these ratios first begin to depart from unity, and then at what phase speeds these ratios begin to differ considerably from unity. For the present comparisons we make the reasonable assumption that airglow temperatures can be determined to within about 30% using present measurement techniques, and accordingly we define a ratio to be considerably different from unity if it has a value of less than about 0.7 or greater than about 1.3.
Reflection and Evanescent Effects in (T/} / (T/}
The respectively. Given that the ratio departs significantly from unity for waves having vertical wavelengths of about 13 km, which is comparable to the airglow emission layer thickness of both emissions (~15 km), these results show that nonisothermal effects are important for some of the slower, observable gravity waves. that the volume emission rate weighted temperature is equal to the rotational OH temperature. This assumption did not significantly affect the conclusions of their paper, and it is reasonable to assume that this assumption does not significantly affect our conclusions. We studied the effects of dissipation on our results by rerunning the models for "almost" adiabatic wave motions (this involved reducing the eddy diffusion coefficients to a small fraction of their nominal values). We found that while this affected the results for the slow waves (as expected), it did not affect the precise values of phase speed where the various ratios began to depart from unity. This is not really surprising, We have chosen to examine the amplitudes of the perturbation quantities while recognizing that the phases of the perturbations are also important. We expect that the differences between different phase quantities become important at the same periods that the differences between the different amplitude quantities become important, as expected. The determination of wave energetics depends very sensitively on the wave amplitude and also on the relative phase difference between fluctuating quantities (one such example is the sensible heat flux, which depends on the amplitudes of w' and T' and their phase correlation).
Volume Emission Rate Weighted T' as a Measure of T•'t_•,•t , ß (T/ ) / T•t_•,e•,t , The value of (T/>/T,•'t_pea/• is
Because {Tj) depends on mean temperature gradients through the nonthermal terms on the right side of equation (2), the precise height of the mesopause region with respect to the height of the airglow emission layer will also determine the importance of the importance of the nonthermal contribution to {T•' ). Therefore, the importance of these nonthermal terms will depend on latitude, season (the mesopause is higher in summer than winter), and also on the particular nightglow emission of interest. The nonthermal terms will be more important if the emission layer is in the region of steep temperature increase above the mesopause, implying that they will be more important for the O(•S) and 02 atmospheric emissions (that peak near 97 km and 92 km, respectively) than for the OH emission (that peaks near 87 km). For our simulations the O I 5577 volume emission rate peak occurred 2 km below the mesopause. Had we performed our simulations for local winter conditions (and for a lower mesopause) we may have found the effects of mean temperature gradients to become important at shorter vertical wavelengths and for slower waves than we have found here. Swenson and Gardner [ 1998] The effects discussed in the last paragraph will also depend on other mean-state parameters, such as the major gas density (which affects quenching) and the atomic oxygen (O) density (which affects airglow production). Of these, O densities are highly variable, with a strong dependence on local time as well as on season and latitude. Obviously our conclusions will be affected to some degree on the assumed O profile (provided by the MSIS model) and its displacement relative to the mesopause height. However, such considerations lie beyond the scope of this short paper.
We note that whenever nonisothermal effects make a nonnegligible contribution to the airglow emission perturbations (through equation (2)) they would also be expected to be important in the gravity wave dynamics themselves. Under these circumstances, full-wave modeling is usually required to correctly include terms involving mean temperature gradients in the wave equations, and this is another feature of our study not included in the analysis of Swenson and Gardner [1998] . However, mean temperature gradients are more important for the very fast waves having large vertical wavelengths (•. > 28-50 km), and so should not significantly affect the conclusions of Swenson and Gardner [ 1998] .
This study has shown that for some of the slower but still observable gravity waves numerical modeling is required to determine gravity wave amplitudes given the observed values of (T•'). We have also shown that the volume emission rate perturbation must generally be calculated in any case for most gravity waves with vertical wavelengths •, < 13-25 km (the nonthermal terms in (2)). Thus it is our belief that under such circumstances it is easier to determine the wave amplitude using only the observed brightness fluctuations and a realistic Although we have only discussed the interpretation of gravity waves in nightglow emissions our results may also be applicable to the interpretation of tidal variations in the nightglow. In particular our results might apply to the interpretation of diurnal temperature amplitudes inferred from nightglow emissions because the vertical wavelength of the diurnal tide can be comparable to the vertical scales at which the nonthermal effects become important. Our results would not, in general, apply to the semi-diurnal tide because its vertical wavelength generally exceeds 50 km. Numerical modeling similar to that performed here could be used to determine gravity wave amplitudes given the observed values of (T[). However, because we have shown that the volume emission rate perturbation must generally be calculated in any case for most gravity waves with vertical wavelengths Lz < 13-25 km (the nonthermal terms in (2)), we believe that under such circumstances given the observed brightness fluctuations alone, wave amplitude would be easier determined using the approach of Hickey et al. [ 1997, 1998 ]. Swenson and Gardner [1998] have forwarded a similar conjecture. Also, because these short vertical wavelength waves are apt to break or dissipate in the mesopause region determining their amplitudes more accurately from airglow observations may provide additional useful information concerning the contribution by gravity waves to the energetics of this region.
